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1. Introduction
Polymer composites with conducting particles such
as metals and carbon blacks (CBs) find useful indus-
trial applications in the fields of switching elements,
sensors, actuators and electromagnetic shielding
[1–4]. For these composites, the electrical conduc-
tivity (!) increases slowly with increasing filler
concentration (p), but then rises significantly when
their filler content reaches a critical concentration,
generally known as the percolation threshold (pc).
From the percolation theory, the relation between !
and pc is given by Equation (1) [5–7]:
                                                 (1)
where !0 is the conductivity scale factor related to
the intrinsic conductivity of the filler and t the criti-
cal exponent depending on the dimensionality of
the system, i.e. 1.6–2.0 for three dimensional, and
1.0–1.3 for two dimensional systems [7].
Percolative polymer composites usually display
nonlinear electrical conduction behavior [8–12].
The application of electrical field in the composites
can also lead to a nonlinear response. This is because
the resistance of the composites changes from lin-
ear to nonlinear as the applied filed increases. When
the field exceeds relatively large values, local joule
heating of the elements occurs, causing irreversible
damage in the structure of materials [13]. This is
commonly referred to as the electrical failure or
dielectric breakdown of the system. The irreversibil-
ity can be prevented if the current through the mate-
rial is well-controlled. Alternatively, materials with
nanoscale dimensions are reported to be effective
for providing local heat sinks and preventing irre-
versible changes in the materials [14]. Therefore,
dielectric breakdown of the polymer composites
with conductive and nonconductive nanofillers has
received considerable attention recently [14–17].
Very recently, Song et al. [16] reported factors influ-
encing the breakdown strength of the ceramic oxide
particle/polymer nanocomposites.
Nonlinear electrical transport can also occur in the
composite materials by applying relatively small
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© BME-PTelectric field. The reversible nonlinear response is
more complicated in the presence of tunneling con-
duction. The physical mechanisms responsible for
such nonlinearity remain unclear. Sen et al. [18, 19]
reviewed and analyzed nonlinear and dielectric
breakdown of disordered composite materials sys-
tematically. Particular attention was paid to the
reversible breakdown of the materials. In a previous
study, we explored the effect of Zener tunneling in
various carbon/polymer composites [20]. In this
work, we attempt to establish a relationship for non-
linear electrical transport in the graphite/epoxy
composites. We show that the reversible nonlinear
behavior of the composite derives from local dielec-
tric breakdown, or Zener tunneling.
2. Experimental
Graphite powder flakes of irregular shapes with an
average size of ~20 !m (Product No. 332461,
Sigma-Aldrich) and epoxy resin (86.4% bisphenol
and 13.6% N-butly glycidyl ether; Cat. No. Ultra-
3000R-128, Pace Technologies, Inc.) were used as
conducting fillers and insulating matrix respec-
tively. In a typical fabrication process, the epoxy was
dissolved in acetone, followed by adding graphite
powders. The suspension was sonicated for 2 h to
ensure homogeneous dispersion of the graphite pow-
ders. Then the solution was kept at 50°C for 12 h
for fully removal of acetone. This was followed by
adding the hardener (100% diethylenetriamine; Cat.
No. Ultra-3000H-32, Pace Technologies, Inc.) to the
graphite/epoxy mixture at a ratio of 1:10 by weight.
The mixed liquid was stirred for 10 min in order to
ensure homogeneous filler dispersion and to achieve
good epoxy/hardener blending. Then the mixture
was left in vacuum at room temperature for 24 h.
This led to full curing and crosslinking of the epoxy,
yielding better dispersion of the fillers in the epoxy
resin [21]. After curing, disk-like samples with a
diameter of 10 mm and a thickness of about 1 mm
were obtained. They were treated with silver paste
to form the electrodes for the electrical measure-
ments. A Hewlett Packard 4140B pA meter/DC
voltage source with pulse testing voltage was used
to measure the electrical responses. It required
about 2–3 seconds for achieving the equilibrium
DC conductivity. The voltage used to determine the
DC conductivity was 500 mV. Ten samples were
measured for each composite, and the obtained val-
ues were averaged. The scatter bars in the plot indi-
cate the fluctuation of the conductivity. The disper-
sion of the graphite powders was examined using
an optical microscope (OM, Olympus BH-2) in a
transmission mode. The morphology of the com-
posites was examined in a JSM 820 scanning elec-
tron microscope (SEM). The specimens for the
microscopic observations were cut to about 20 µm
using a Reichert Ultra Cut S cutter.
3. Results and discussion
Figure 1 shows the optical micrographs of the fabri-
cated graphite/epoxy composites. Figure 2 shows
the SEM micrographs of several composite samples.
The graphite powders are dispersed uniformly in the
polymer matrix when the filler content "8 vol%. At
a higher filler loading (9.3 vol%), the graphite pow-
ders tend to aggregate somewhat in the polymer
matrix (see Figure 1f).
Figure 3 shows the plot of static conductivity !(p)
against filler content for the samples studied. The
conductivity follows the percolation theory as
expected. By fitting the data to Equation (1), the per-
colation threshold pc and the critical exponent t are
determined to be 4.8±0.6 and 2.3±0.4, respectively.
When the graphite content reaches near 4.8#vol%,
an infinite conducting network spanning the whole
system begins to form. And the static conductivity
at this content is expected to show a sharp increase.
As mentioned above, t takes the value of 1.6–2.0 for
three dimensional, and 1.0–1.3 for two dimensional
system. However, it may become non-universal due
to a large variation in the distribution of distances
among conductive fillers within the polymer matrix
[22]. Large t values have also been reported in other
polymer composite systems [23–25].
The current density (J) as a function of electric field
(E) for these samples is shown in Figures 4a–4f,
respectively. These experimental data is highly repro-
ducible and completely reversible, indicating no
damage to the material by the electric field. How-
ever, the electrical conductivity of all samples rises
with increasing field strength. This reversible con-
ductivity is considered to be of particular interest. It
may arise from two ways: in one case, the conduct-
ing elements are nonohmic while in another, the
conducting elements are ohmic but their macro-
scopic conductivity becomes nonohmic due to the
creation of additional channels for conduction [26].
Herein, we use a two dimensional random-bond
model (Figure 5) to illustrate the conduction paths
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of the presence of the conducting clusters in the
insulating matrix, local discontinuities in the field
strength can be expected. For narrow insulating
gaps between these clusters (!), the field strength
is magnified by a factor " given by the ratio of the
average size of the conducting clusters to the aver-
age gap width [27]. At the tips of these clusters, this
magnified field concentrates locally to a large
extent. Likewise, high electric field may also estab-
lish between different parts of the backbone ("), or
between the backbone and the clusters (#). There-
fore, it is proposed that micro dielectric breakdown
would occur at these insulating layers. The conduc-
tion paths induced by dielectric breakdown would
lead to an additional conducting network, i.e. a
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Figure 1. Transmission optical micrographs of graphite/epoxy composites with (a) 6 vol%, (b) 6.4 vol%, (c) 6.8#vol%,
(d) 7.4#vol%, (e) 8 vol% and (f) 9.3#vol% filler contentbreakdown network, which is responsible for the
macroscopic dielectric breakdown. This network
can lead to a nonlinear increase in the conductivity
of the system.
The specific dielectric breakdown mechanism can
be categorized into two types. The most common is
avalanche breakdown, which takes place in extreme
conditions under the application of very large elec-
tric field. The avalanche breakdown is caused by an
impact ionization that produces a large amount of
charge carriers. This is often associated with a large
current increment. To gain enough energy for ioniz-
ing the atoms, the electrons must move under a very
strong electric field over a long distance. Avalanche
breakdown usually refers to the permanent damage
in insulators caused by a large electric field. Thus
even the field strength decreases, the current still
remains at a high level. In other words, the J–E curve
is irreversible. In the present study, it is observed
that the current density rises moderately with increas-
ing field strength, and all the J–E curves are
reversible (Figure 4). This excludes the possibility
of avalanche breakdown. The second is the Zener
breakdown, which involves the transitions of charge
carriers between the valence and conduction band
induced by appreciable electric fields [28]. It is also
widely referred to as the interband tunneling, and
commonly observed in semiconductor crystals [29],
such as heavily doped p–n junctions [30]. As recog-
nized, conventional tunneling involves the transi-
tion of charge carriers over an energy barrier. The
Fowler-Nordheim tunneling is associated with the
pulling of electrons from a conductor to vacuum by
an intense electric field. Zener tunneling involves the
pulling of electrons from the valence band to the
conduction band of an insulator, thus rendering it
conductive by producing movable charge carriers.
It can be regarded as a special form of Fowler-Nord-
heim tunneling.
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Figure 2. SEM images of graphite/epoxy composites with
(a) 6#vol%, (b) 8 vol% and (c) 9.3#vol% filler
content
Figure 3. Static conductivity of the graphite/epoxy com-
posites of various filler contents. The red solid
lines are nonlinear fits to Equation (1). Ten sam-
ples were tested for each compositeActually, the working principle of certain electronic
devices is based on this mechanism [31, 32]. Since
Zener breakdown is caused by the band-to-band
tunneling, thus it would not disrupt the structure of
material, i.e. the J–E characteristic is reversible.
The current density caused by the Zener breakdown
is given by Equation (2) [28]:
                                  (2)
where A, B, and n are constants; the value of n lies
usually between 1 and 3, depending on various cor-
rections or approximations included in the approach.
A is related to the transition frequency, i.e. the num-
ber of attempts per second made by the charge car-
riers to cross the barrier. B is a measure of the
energy barrier between the insulating matrix and
the filler material. Thus the factor exp(–B/E) repre-
sents the transition probability of charge carriers
between the conductive fillers and the matrix mate-
rial. Although the reversible dielectric breakdown
of the composites is caused by Zener tunneling as
shown in Figure 4, the composite samples do not
behave fully like a real Zener diode. 
By separating linear J$(!(p)E) from the overall non-
linear current density, the remnant J$ (J%J&) is
obtained, as illustrated in Figure 6a. Figure 6b
shows the ln(J$/En) vs. 1/E plot for all composite
samples. The apparent linear relationship provides
strong support for the occurrence of Zener break-
down. To the best of our knowledge, no other phys-
ical models can fit the experimental results well.
The fitting parameters were extracted and summa-
rized in Table 1. The normalized J#E relationship is
shown in Figure 6c. Similar to the case of alternat-
ing current conductivity of the conductor/insulator
system, the data points for different composite sam-
ples fall into one curve. Accordingly, Zener effect
J1E2 5 AEnexpa 2
B
E
b J1E2 5 AEnexpa 2
B
E
b
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Figure 4. J–E characteristics of graphite/epoxy composites with various filler contents (a–f). The black open circles are
experimental data; red open circles are linear current density J& deduced from !(p)E.reflects intrinsic properties of a certain conductor/
insulator system.
For the composites with higher graphite concentra-
tion, a larger number of charge carriers are avail-
able, causing an increase of the transition frequency
of charge carriers. This is manifested by larger A val-
ues. Therefore, A is not only related to the filler con-
centration but also to the filler dispersion. In addi-
tion, the internal insulating gaps tend to become
smaller with increasing graphite concentration (see
Figure 1), assuming that the graphite powders are
dispersed uniformly in the polymer matrix. This
leads to smaller B values with increasing filler con-
tent up to 8#vol%, favoring the occurrence of Zener
breakdown. However, the B value rises sharply at
9.3#vol% graphite content. This is because the vis-
cosity of liquid mixture during the composite pro-
cessing is very large. In this case, pure stirring can-
not effectively disperse graphite fillers homoge-
neously in the matrix material. This results in the
formation of aggregates (see Figure 1f), thereby pro-
ducing higher energy barrier for the charge carriers
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Figure 5. Two dimensional random-bond model of graphite/
epoxy system above the percolation threshold. !,
", # and # correspond to the occurrence of
dielectric breakdown between conducting clus-
ters, between different parts of the conducting
backbone, and between the clusters and the back-
bone, respectively.
Figure 6. (a) Plot of J$ vs. E for graphite/epoxy composite
samples with various filler contents. (b) Relation-
ship between ln(J$/En) and 1/E, where the linear
fitting results are shown in red solid lines. n is
evaluated from the data in (a). (c) Normalized
relationship of J$ vs. E. J$0 and E0 are the maxi-
mum testing field strength and corresponding
Zener current density as shown in (a).
Table 1. Parameters characterizing Zener current for the
graphite/epoxy composites
p n lnA B [V/cm]
6.0#vol% 1.75±0.02 –12.74±0.32 28.69±4.21
6.4#vol%  1.86±0.03 –12.34±0.30 17.23±3.15
6.8#vol% 1.85±0.03 –12.03±0.27 5.52±1.32
7.4#vol% 1.82±0.03 –11.86±0.26 4.08±1.02
8.0#vol% 1.84±0.03 –10.93±0.21 2.64±0.34
9.3#vol% 1.73±0.02 –9.43±0.15 8.89±1.73to tunnel through. The aggregation also influences
the static conductivity of the composites. However,
the graphite/epoxy composites still exhibit percola-
tive behavior as shown in Figure 3. Overall, Zener
current tends to increase with filler content due to
the presence of large amount of internal charge car-
riers.
As Zener breakdown relates to the band-to-band
tunneling of charge carriers (from valence band to
conduction band for electrons and vise versa for
holes), the band gap and band tilt due to the external
field are two main factors governing the generation
of charge carriers, as illustrated in Figure 7. Obvi-
ously, a narrower band gap shortens the tunneling
distance, facilitating interband tunneling. Similarly,
a large electric field decreases the tunneling dis-
tance by tilting the band seriously. For the polymer
composites, the width of the forbidden band is influ-
enced by the nature of polymer matrix, while the
internal field strength is determined by the disper-
sion of the conducting fillers. In order to suppress the
Zener effect, the polymer matrix with a wide for-
bidden band is preferred (Figure 7b). Also, a poor
dispersion of conductive fillers within the insulat-
ing matrix can also achieve the same results.
4. Conclusions
In summary, nonlinear electrical transport is observed
in the graphite/epoxy composites. The electrical
nonlinearity is attributed to reversible dielectric
breakdown inside the system. Such reversible
breakdown is caused by the Zener effect, resulting
from a magnified internal electric field imposed to
thin insulating polymer layers. The experimental
results provide strong support for the occurrence of
Zener breakdown. The characteristics of Zener
breakdown reveal certain important aspects relating
to the electrical conduction within the composite
system, such as the properties of the fillers, the dis-
persion of the fillers, and the nature of the polymer
matrix.
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